INTRODUCTION 81
The existence of resident microbial communities in the placenta (1-30) and potentially of 82 in utero microbial colonization of the fetus (6, 22, 24, (31) (32) (33) have been the subject of recent 83 debate. A few studies of the human placenta have reported the consistent detection of bacteria 84 through microscopy (20, 34, 35) or culture (6). However, many recent studies detecting the 85 presence of bacteria in the placenta, and thus proposing the existence of a placental microbiota, 86 have done so using DNA sequencing techniques (1-5, 8-12, 15) . 87 A principal caveat of these studies has been that the detected bacteria may reflect 88 background DNA contamination from DNA extraction kits and PCR reagents rather than resident 89 bacterial communities within the placenta (7, 14, 17, 21, 25) . Another critique has been that even 90 if the detected molecular signals of bacteria in the placenta are not background DNA contaminants, 91 they may nevertheless reflect bacterial products circulating in the maternal blood rather than viable 92 bacterial communities inhabiting the placenta (36). This is important because the detection of 93 microbial DNA is not the same as the identification of a viable microorganism, and fetal exposure 94 to microbial products (37), including , is not commensurate with in utero microbial 95 colonization of the fetus (24) . 96 To establish the existence of resident bacterial communities in placental or fetal tissues 97 would require: 1) the identification of bacterial DNA in placental or fetal tissues that is distinct 98 from bacterial DNA detected in technical controls (e.g. DNA extraction kits, PCR reagents, 99 laboratory environments), 2) confirmation that the bacterial load of placental or fetal tissues 100 exceeds that of technical controls through quantitative real-time PCR (qPCR), 3) visualization of 101 bacteria in placental or fetal tissues using microscopy, 4) demonstration of the viability of bacteria 102 in these tissues through culture, and 5) ecological plausibility (i.e. the detected bacteria could on fetal brain samples from mice E-K). The fetal spleen and tail were also collected for molecular 143 microbiology. 144 Next, the maternal cervix, liver, and lung were sectioned and one sample of each was 145 placed into a sterile 1.5 ml microcentrifuge tube and an anaerobic transport medium tube 146 (Anaerobe Systems, Morgan Hill, CA) for molecular microbiology and bacterial culture, Bacterial culture 154 ESwabs and tissues collected for bacterial culture were placed within a COY Laboratory 155 Products (Grass Lake, MI) hypoxic growth chamber (5% CO2, 5% O2) and processed in the 156 following order: placenta, fetal liver, fetal lung, fetal brain, fetal intestine, maternal uterus, buffered saline (PBS; Gibco, Fisher Scientific), and homogenized for 1 minute. Tissue 166 homogenates were transferred to a 5 ml centrifuge tube containing an additional 1.5 ml of sterile 167 PBS. For mice E-K, maternal lung and maternal mid-intestine tissues were homogenized in sterile 168 5 ml centrifuge tubes using 0.5 ml sterile PBS and a sterile disposable scalpel (Surgical Design, 169 Lorton, VA). 170 Tissue homogenates and ESwab buffer solutions were plated on blood agar (TSA with 5% 171 sheep blood) and chocolate agar, and incubated at 37° C under oxic, hypoxic (5% CO2, 5% O2), 172 and anoxic (5% CO2, 10% H, 85% N) atmospheres. All samples were additionally plated on 173 MacConkey agar, and also added to SP4 broth with urea and SP4 broth with arginine, and 174 incubated at 37° C under an oxic atmosphere. All samples were cultured in duplicate under all 175 growth conditions (media type x atmosphere) and were incubated for seven days. Plate wash was performed by pipetting 1-2 ml of PBS onto the agar plate and dislodging 233 bacterial colonies with either sterile L-shaped spreaders or inoculating loops. The PBS wash was 234 then transferred into cryovials and stored at -80°C until DNA was extracted. DNA was extracted 235 from plate wash samples using Qiagen DNeasy PowerSoil (Germantown, MD) extraction kits.
236
Washes from maternal samples that yielded growth under multiple atmospheres for the same media 237 type were pooled prior to the extraction process. Purified DNA was stored at -20° C. The 16S rRNA genes in plate wash extracts were sequenced at Wayne State University on 241 an Illumina MiSeq system using a 2 X 250 cycle V2 kit, and following Illumina sequencing 242 protocols (48). The 515F/806R primer set was used to target the V4 region of the 16S rRNA gene.
243
The 16S rRNA gene sequences from the paired fastq files for these samples were processed as 244 previously described (21). for the fetal tail and spleen, whose masses were very low.
252
DNA was extracted from swabs, tissues, and background technical controls (i.e. sterile 253 Dacron swabs (N = 11) and blank DNA extraction kits (N = 23)) using the DNeasy PowerLyzer lysed by mechanical disruption for 30 seconds using a bead beater. After centrifugation, the 258 supernatants were transferred to new tubes, and 100 μl of solution C2, 100 μl of solution C3, and 259 one μl of RNase A enzyme were added, and tubes were incubated at 4° C for five minutes. After 260 centrifugation, the supernatants were transferred to new tubes that contained 650 μl of solution 261 C4 and 650 μl of 100% ethanol. The lysates were loaded onto filter columns, centrifuged for one 262 minute, and the flow-through was discarded. This step was repeated until all sample lysates were 263 spun through the filter columns. Five hundred μl of solution C5 were added to the filter columns, 264 centrifuged for one minute, the flow-through was discarded, and the tube was centrifuged for an 265 additional three minutes as a dry-spin. Finally, 60 μl of solution C6 were placed on the filter 266 column and incubated for five minutes before centrifuging for 30 seconds to elute the extracted 267 DNA. Purified DNA was stored at -20° C. was performed using the following conditions: 95° C for 10 min, followed by 45 cycles of 94° C 296 for 30 sec, 50° C for 30 sec, and 72° C for 30 sec. Duplicate reactions were run for all samples.
297
All samples were run across a total of five runs.
298
Raw amplification data were normalized to the ROX passive reference dye and analyzed 299 using the on-line platform Thermo Fisher Cloud: Standard Curve (SR) 3.3.0-SR2-build15 with 300 automatic threshold and baseline settings. Cycle of quantification (Cq) values were calculated for 301 samples based on the mean number of cycles required for normalized fluorescence to 302 exponentially increase.
303
After plotting a regression of log(E. coli 16S rRNA gene copy number) and Cq value for 304 standard curves included in each qPCR run, 16S rRNA gene copy number in mouse samples was 305 calculated according to Gallup (51) Paired-end reads were assembled into contiguous sequences, quality checked (maximum 318 length = 275, maximum ambiguous base pairs = 0, and maximum number of homopolymers = 8), 319 and aligned against the SILVA 16S rDNA reference database (release 102) (54, 55); sequences 320 falling outside the target alignment space were removed. Quality sequences were pre-clustered 321 (diffs = 2) and chimeric sequences were identified with VSEARCH (56) and removed. The 322 remaining sequences were taxonomically classified using the SILVA reference database with a k-323 nearest neighbor approach and a confidence threshold of 80%. Sequences derived from an 324 unknown domain, Eukaryota, Archaea, chloroplasts, or mitochondria were removed. Operational 325 taxonomic units (OTUs) were defined by clustering sequences at a 97% sequence similarity cutoff 326 using the average neighbor method. Figure 1A) . 349 Staphylococcus spp. were cultured from the mouth, intestine, and vagina of dams ( Figure 1B) Propionibacterium, and unclassified bacilli (Table 1) . These bacteria were rarely, if ever, cultured 354 from maternal samples ( Figure 1A, B) . 355 In general, only one or two placental or fetal sites within a given fetus yielded a bacterial 356 isolate, and there was little consistency among the fetuses in terms of which site yielded an isolate 357 ( Figure 1A ; Table 1 conditions, nor on any other plate for this sample (Figure 2; Table 1 ). An exact match of the 16S Figure 1B) . Body site-specific variation in the structure of cultured bacterial communities from 386 maternal samples was evident ( Figure 1B) . For instance, the vast majority of bacteria cultured 387 from the vagina were unclassified Pasteurellaceae, while Bacteroides and a distinct strain of 388 Lactobacillus were consistently cultured from the maternal intestine in addition to the unclassified 389 Pasteurellaceae, Lactobacillus, and Staphylococcus isolated from other body sites ( Figure 1B) . 390 Bacterial cultures of the maternal cervix yielded isolates in 6/11 (54.5%) mice (Table 2) . 391 The most common bacterium cultured from the murine cervix was Pasteurella caecimuris; it was 392 recovered in culture from 5/11 cervical samples. In each case, an exact match for the 16S rRNA 393 gene of the Pasteurella caecimuris isolate was identified in the 16S rRNA gene survey of the 394 corresponding cervical sample (Table 2) . 395 Bacteria were rarely cultured from the uterus (2/11 mice) and maternal liver (4/11 mice) 396 ( aureus. An exact match of the 16S rRNA gene of these isolates was not identified in the 16S rRNA Figure 3A) . Similarly, the 407 bacterial loads of tissues of the maternal proximal and distal intestine, lung, cervix, heart, liver, 408 and uterus exceeded those of blank DNA extraction kits ( Figure 3B) . In contrast, bacterial loads 409 of the maternal peritoneum, the placenta, and the fetal lung, liver, brain, and intestine did not 410 exceed those of their respective background technical controls (Figure 3A, B) . The spleen and tail 411 were the only fetal tissues with bacterial loads exceeding those of blank DNA extraction kits 412 ( Figure 3B) . However, only 1/11 (9.1%) fetal tail and 2/11 (18.2%) fetal spleen samples had Acinetobacter (Figure 4) . However, only two of these prominent OTUs, identified as Ralstonia 424 and Pelomonas, were present in the bacterial profiles of more than half of the DNA extraction kit 425 controls. A decontam analysis indicated that the OTUs identified as Ralstonia, Pelomonas, 426 Pseudomonas, and Acinetobacter were likely background DNA contaminants (Figure 4) . 427 The bacterial profiles of placental and fetal samples could not be compared to those of 428 background technical controls because only two of the 77 (2.6%) placental and fetal brain, lung, 429 liver, intestine, spleen, and tail samples included in this study, yielded a 16S rRNA gene library 430 with ≥ 250 sequences and a Good's coverage ≥ 95%. These two samples were the placenta from Figure 3) , and no bacteria were cultured from the 433 placental tissues of this mouse (Figure 1, Figure 2, Table 1 ). The prominent OTUs in the bacterial profile of the placental sample from Mouse I were identified as Bacteroides, Akkermansia, S24-7, 435 Lactobacillus, and Escherichia. The fetal spleen from Mouse B had the highest bacterial load of 436 any fetal spleen sample; its bacterial load was 58% higher than any other spleen sample ( Figure   437 3). The prominent OTUs in the bacterial profile of the fetal spleen from Mouse B were 438 Lactobacillus, S24-7, and unclassified Lachnospiraceae. Figure 3A) , and the peritoneum, a very low to nonexistent microbial biomass site 458 ( Figure 3A) , had bacterial profiles that overlapped with those of background technical controls 459 more so than did the profiles of higher microbial biomass sites (Figure 4) . Specifically, skin Overall, there was only a single bacterial isolate (Bacillus circulans, cultured from the fetal 470 brain tissue of Mouse F) that was cultured from a placental or fetal tissue that had a bacterial load 471 higher than that of background technical controls, and that was identified in the 16S rRNA gene 472 surveys of at least one of that fetus' maternal samples (Table 1) . data (N = 49), there was only a single bacterial isolate that came from a fetal brain sample having 489 a bacterial load higher than that of contamination controls and that was identified in sequence-490 based surveys of at least one of its corresponding maternal samples.
492
Prior reports of placental and fetal microbiota in mice 493 An initial investigation of the existence of microbiota in the murine placenta and fetal 494 intestine was carried out by Martinez et al. (40) . Specifically, bacterial culture, 16S rRNA gene 495 qPCR, and 16S rRNA gene sequencing were performed on the placenta and fetal intestines of 13 496 mice at day 17 of gestation (40) . All bacterial cultures of the placenta and fetal intestine were 497 negative. Yet, the bacterial loads of the fetal intestine were higher than those of placentas. After 498 removing the OTUs detected in 16S rRNA gene sequencing surveys of background control 499 samples from the overall dataset, the bacterial profiles of murine fetal intestine were dominated by 500 Enterococcus, Stramenopiles, Rhodoplanes, and Novosphingobium. In contrast, the bacterial 501 profiles of murine placentas were more diverse, with Pirellulaceae, Aeromonadaceae, MIZ46, 502 ZB2, Veillonellaceae, Weeksellaceae, Fluviicola, Bdellovibrio, and Comamonadaceae being most 503 common. The conclusion of the study was that, although murine fetuses do not appear to be 504 populated by microbial communities, they are exposed to bacterial DNA in utero. Conversely, in 505 a subsequent molecular study by Kuperman et al. (18) , 24 murine placental samples (four regions 506 were sampled from two placentas each from three mice at gestational day 19) had no detectable 507 16S rRNA gene amplicons after PCR. Hence, more comprehensive investigations were needed. Positive bacterial cultures were most common in mid-gestation and were not observed in late 512 gestation. The most common bacteria cultured from the placenta and fetal intestine were 513 Lactobacillus, Escherichia, Enterococcus, Bacteroides, and Bacillus. Mechanistic studies 514 indicated that these cultured bacteria were not simply contaminants transferred from maternal 515 compartments during sample processing. In the fetal intestine, bacteria were further visualized 516 through FISH using a universal probe for the bacterial 16S rRNA gene. 16S rRNA gene profiles 517 of the placenta and fetal intestine were similar. In early gestation, the profiles of these tissues were 518 characterized by "Candidatus Arthromitus," S24-7, Lactobacillus, and Desulfovibrio, while in mid 519 and late gestation they were dominated by Kurthia and Escherichia. Sourcetracker analyses 520 suggested that most of the bacterial signals from the fetal intestine in early gestation were attributed 521 to background technical controls or to unknown sources. However, in mid and late gestation, the 522 bacterial signals in the fetal intestine were indicated to potentially have come from the placenta or 523 amniotic membrane. Therefore, the conclusion of the study was that there is fetal exposure to 524 microbial communities from the placenta and the extraplacental membranes in utero.
526
The findings of this study in the context of prior reports 527 In the current study, culture of bacteria from placental and fetal tissues was generally rare.
528
Most of the bacterial isolates were identified as Staphylococcus hominis. The origin of these 529 bacteria could be maternal sites, as Staphylococcus spp. were cultured from maternal sites and 530 Staphylococcus hominis specifically was identified in molecular surveys of the maternal skin.
531
Alternatively, these bacteria could potentially be contaminants from laboratory personnel, given 532 that two of the five bacterial isolates recovered from negative control plates in this study were also culture has not provided consistent evidence for a placental or fetal microbiota.
544
In the current study, qPCR revealed that the bacterial loads of the placenta, fetal lung, liver, 545 brain, and intestine did not exceed those of background technical controls, whereas samples from 546 maternal sites, excluding the peritoneum, did exceed those of controls. In addition, there was no 547 variation in bacterial load among placental and fetal tissues. These results are in contrast to those 548 of Martinez et al. (40) in which the bacterial loads of fetal intestine exceeded those of the placenta.
549
To our knowledge, no other studies have directly compared the bacterial loads of the placenta and 550 fetal intestine in mammals. However, the qPCR results in our study are in agreement with prior 551 qPCR investigations of human placental tissuesthe bacterial loads of placentas are 552 indistinguishable from those of background technical controls (7, 14, 21) . Hence, there remains 553 disagreement among studies with respect to the extent of bacterial biomass in placental and fetal 554 tissues.
555
Herein, the murine placenta and fetal tissues did not yield substantive 16S rRNA gene 556 sequence libraries, while the maternal sites other than the uterus, heart, and liver consistently did 557 so. These results are consistent with those of Kuperman et al. (18) , in which 30 cycles of PCR did 558 not yield discernible amplicons from murine placental tissue. Notably, in our study, triple library 559 preparations were performed and pooled for each sample, and still minimal amplicons were 560 generated after 30 cycles of PCR. Martinez et al. (40) studies may therefore be due to underlying differences in the sequence library protocols used.
570
Nevertheless, as with culture and qPCR approaches, we did not find consistent evidence of a 571 bacterial signal in placental and fetal tissues using DNA sequencing.
572
Notably, in this study, there was only one case in which a bacterial isolate (i.e. Bacillus 573 circulans) from a placental or fetal sample (i.e. fetal brain) had a bacterial load exceeding that of 574 all background technical controls, and in which the bacterium was also identified in molecular 575 surveys of at least one corresponding maternal sample (i.e. maternal skin). Therefore, in this one 576 case, there may have been hematogenous transfer from a distant maternal site to the fetus.
577
However, overall, there was not consistent evidence of resident bacterial communities in the 578 murine placenta or the fetus. 
